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ABSTRACT
High quality water is vital for human life, and ensuring its availability is a basic requirement and a
major societal aim. The Water Framework Directive (WFD; 2000/60/EC) is a key piece of legislation
for the protection and sustainable use of water in the European Union. In this work we briefly review
the WFD directive and the current status of European inland surface waters. Additionally, we
summarize major challenges and threats for the biological assessment of inland surface waters
under climate change effects and invasion by alien species, and highlight the emerging tools
and approaches that might help improve biological assessments, including molecular indices
based on environmental DNA (eDNA), to new data from the Earth Observation programmes, and
data-sharing platforms. Finally, we present recommendations to improve monitoring systems
and assessments in the context of the WFD. Developments in this field may increase the
likelihood of assuring high quality water for society.
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Introduction
Currently the world is facing the problem of accessing
enough high quality water to meet the needs of society.
Despite the existence of efficient tools to monitor and
manage surface waters, huge environmental challenges
and threats are growing, and society must act rapidly
to adjust to ongoing climate change and the consequent
extreme eutrophication, floods, droughts, and biological
invasions (Vörösmarty et al. 2010, IPCC 2014). Effective
management of freshwater resources therefore remains a
major global challenge in the 21st century (Jury and
Vaux 2005, UN WWAP 2015).
The Water Framework Directive (WFD, Directive
2000/60/EC) has been the key piece of legislation for
the protection and sustainable use of freshwater
resources in the European Union since 2000. Its aim is
to ensure a sufficient quantity of high quality water for
societal and ecosystems needs (EEA 2018). The WFD
is primary focused on environmental quality, replacing
previous fragmented water policies focused on physical
and chemical status, by adopting a holistic approach
that considers ecological quality standards (Howarth
2006). The directive aims to expand the protection to
all waters, including surface, ground, transitional, and
coastal waters. It offers an integrated and coordinated
approach to water management based on River Basin
Management Plans (RBMPs), which include a cost-
efficient programme of measures (POMs) at the basin
level to achieve the objectives defined in the WFD (EU
2000). Specifically for surface waters, “good” ecological
status is an evaluation of the biological community,
hydromorphological characteristics, and chemical
characteristics. Because no absolute standards for the
biological quality can be set (i.e., the “good status”
state), knowing the difference between the quality of a
biological community and the expected status under
minimal anthropogenic impacts (i.e., deviance from
“reference conditions”) indicates the need for manage-
ment and implementation of a recovery plan (EU
2000). The preferred biological elements used by the
directive are phytoplankton, phytobenthos, macro-
phytes, benthic macroinvertebrates, and fish, each of
which is then classified into 5 quality classes (high,
good, moderate, poor, and bad) and combined, such
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that the element with the worst status prevails (i.e., the so
called “one-out, all-out” rule; EU 2000).
Major improvements in the quality of EU waters have
been achieved during recent decades (EEA 2016), yet the
WFD targets for achieving “good status” for all EU
waters is far from being reached, despite the initial
2015 deadline (Reyjol et al. 2014, EEA 2016). The
delay is certainty related to ongoing pressures, likely
accentuated by climate change, especially drought
events, and the establishment of invasive alien species
(IAS; e.g., Voulvoulis et al. 2017).
Recent molecular advances allow rapid detection of
species composition of the local communities using
environmental DNA (eDNA) metabarcoding
approaches (Weigand et al. 2017). Such technology will
allow rapid taxonomic assessments and should facilitate
WFD biological assessments. Earth observation pro-
grammes such as the EU Copernicus can access satellite
data that characterize water in a high spatial and tem-
poral resolution (Klein et al. 2017). Finally, tools for uni-
fying and sharing large quantities of data are being
developed (Boyd and Crawford 2012), and new science
communication pathways are emerging with available
online data and information (Brossard and Scheufele
2013). These advances might be pertinent during the
planned 2019 revision of the WFD, especially consider-
ing the global environmental challenges.
In this research we asked: How can biological assess-
ments be improved to support effective management of
inland surface waters in the face of current environ-
mental challenges? To address this issue we (1) analysed
the current status of surface waters in Europe, (2) ident-
ified new environmental challenges, (3) reviewed cutting-
edge technological and scientific advances that might
improve the application of the WFD, and (4) provided
recommendations on the opportunities associated with
recent advances that might improve biological assess-
ments and monitoring of inland surface waters.
The European Water Framework Directive and
the current status of surface waters
Accurate assessment and monitoring of ecosystem
health has become a priority of global environmental
programmes, and regulations around the globe have
been adopted to improve water quality (UN-Water
2015). The WFD was the first European Directive focus-
ing on environmental sustainability, with the main target
to achieve good ecological status of all waterbodies and
stop deterioration of waterbody status by 2015. The
WFD implementation requires the EU members states
to assess and monitor the ecological and chemical status
of their waterbodies and further maintain or restore
them to achieve a good status (EC 2012). During the
past decade, a large investment was put into developing
biological assessment methods comparable across mem-
ber states (Feio et al. 2016). Indeed, great effort has been
put into developing metrics and indices compliant with
the WFD (Birk et al. 2012), substituting old indices
with methods that integrate the structure of commu-
nities and the regional and typological variability of
streams. As a consequence of the diversity of methods
developed, the comparability of evaluations had to be
assured through intense collaborative work among
countries under the so-called intercalibration exercise
(e.g., Sandin and Hering 2004, Poikane et al. 2011, Feio
et al. 2014).
Despite all efforts toward WFD monitoring and
implementation, only 41% of surface waterbodies evalu-
ated are in good or high ecological status according to the
second RBMPs reported in 2015, and limited improve-
ments are expected from 2016 to 2021 (EEA 2018;
Fig. 1). According to the report, the ecological status of
rivers and transitional waters is, on average, lower than
that of lakes and coastal waters (EEA 2018). In some
river basin districts located in northern Europe (Nether-
lands, Germany, and Belgium), >90% of rivers and lakes
have less than good ecological status while in southern
Europe the percentage is 30–50%, with some reaching
70–90% in Portugal, Spain, and Greece (EEA 2018; Fig.
1). The general pattern is similar for coastal and transi-
tional waters, with the highest percentages of less than
good ecological status in northern Europe (EEA 2018).
During the past 30 years, however, pollution has been
reduced in numerous waterbodies through wastewater
treatment improvements and decreased nitrogen and
phosphorus inputs from agricultural sources (EEA
2018). Although the average nitrate and phosphate con-
centration in European rivers declined 0.8% and 2.1%
per year, respectively, between 1992 and 2012 (EEA
2015a), pollution from urban and industrial wastewater
and agriculture remains high (EEA 2015b).
The new environmental challenges: climate
change and invasive species
Inland water resources are affected by multiple stressors,
including urban and agricultural land use and hydro-
power generation, but also by more recent environ-
mental drivers such as climate change and IAS (Hering
et al. 2015). The impact of these factors is likely to
grow in the next decades, along with the increasing
demand for clean water as it decreases in availability
(Brownlie et al. 2017). Hence, knowing the potential con-
sequences of climate change and IAS in the ecosystem
and forecasting how they influence biological assessment
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of surface waters is crucial for more efficient biotic
assessment and monitoring of inland surface waters
(Jackson et al. 2001, Reyjol et al. 2014).
Climate change leads to warmer waters, which can
intensify the symptoms of eutrophication in freshwaters,
increase the risk of elevated nutrient inputs and concen-
tration, and promote methane emissions, especially
during summer (Jeppesen et al. 2010, Bastviken et al.
2011, Brookshire et al. 2011). As mean temperature
increases, the volume of snowpack decreases, altering
the time of release and changing the runoff patterns.
This problem will be especially serious in regions
where water supplies depend on snowpack, such as
Northern Europe (Jury and Vaux 2005). Additionally,
sea-level rise is expected to extend salinized areas in
groundwaters and estuaries, decreasing freshwater avail-
ability for humans and ecosystems (Quevauviller 2011).
Future spatial and seasonal distribution of fresh waters
will be altered between high and low latitudes. In north-
ern European latitudes, high precipitation and floods will
be major concerns while extreme droughts are expected
in southern areas with Mediterranean climates (IPCC
2014). The Mediterranean Basin typically hosts a high
level of endemic species and is considered one of the
most important hotspots of freshwater biodiversity (Her-
moso et al. 2009, De Figueroa et al. 2013, Filipe et al.
2013); however, it is among the most vulnerable ecosys-
tems worldwide to the effects of ongoing climate change
and consequent extreme events of floods and droughts
(Filipe et al. 2013). Dramatic shifts in the hydrological
patterns of fluvial ecosystems are projected to lead to
unpredictable harsh events, exacerbated water stress,
and landscape desertification (IPCC 2014). These events
already represent the most common natural disasters in
Europe and are a major societal concern (Bradford et al.
2012).
The increasing number and expansion of IAS in fresh-
water ecosystems has replaced native biota in recent
years, dramatically changing aquatic biodiversity and
ecosystem structure and functioning (Cardoso and Free
2008) and degrading aquatic services (Mota et al.
2014). Invasive species may alter the water quality
(McCormick et al. 2010), as in the case of the zebra mus-
sel (Dreissena polymorpha), with consequent impacts on
water supply facilities and biotic indices (Minchin et al.
2002, Zaiko and Daunys 2015). Moreover, surface waters
can be vectors for the spread of diseases, such as sudden
oak death (Grünwald et al. 2012), incurring major
Figure 1. Percentage of waterbodies in different river basin districts classified with less than “good” ecological status in rivers and lakes.
Adapted from European Environment Agency, 2016 version; http://www.eea.europa.eu/legal/copyright.
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economic and ecological costs for the control of invasive
species.
Climate changes are expected to modify the ecological
impacts of IAS by enhancing their competitive and pred-
atory effects on native species and by increasing the viru-
lence of some diseases. But such interactions are
complex, and how biota will respond to these novel
environmental conditions is uncertain (Rahel and
Olden 2008). To face the environmental challenges,
timely and efficient environmental monitoring is needed
(Hellmann et al. 2008).
New tools and approaches for biological
assessment
As the 2019 revision of the WFD approaches, emerging
tools are being developed that could potentially produce
timely and accurate assessments to address the ongoing
multiple stressors. Recently developed eDNA and meta-
barcoding are potentially useful tools to monitor aquatic
biological status and detect species, including those
threatened and nonnative (e.g., Leese et al. 2016, Valen-
tini et al. 2016, Weigand et al. 2017). These techniques
identify short DNA sequences of the organisms present
in samples of biological communities (e.g., bulk of
macroinvertebrates, arthropods) or environmental
samples (e.g., eDNA from water, soil, feaces). While
these tools clearly generate important data for biological
assessments, application is still in the early stages. Yet,
these approaches could reduce the time and costs
required, especially during fieldwork and processing of
samples. For instance, a water sample may contain
residual DNA from organisms inhabiting a certain habi-
tat, while in the laboratory the high-throughput sequen-
cing rapidly generates lists of organisms at a high
taxonomic resolution. The method can provide a general
overview of the species present in a waterbody, including
those from watercourses upstream, but currently only
provides relative abundances, is less efficient for some
taxa, and does not provide accurate information about
the state of viable populations. The DNAqua-Net
COST action initiative currently links scientists across
Europe and beyond to gather existing knowledge and
overcome the current limitations for the implementation
of the novel DNA-based approaches for biological
assessments (Weigand et al. 2017, Pawlowski et al. 2018).
Remote sensing using satellite platforms could poten-
tially provide an invaluable complementary source of
data with a higher spatial coverage and temporal fre-
quency useful for monitoring the ecological status for
the WFD (Palmer et al. 2015). The European Space
Agency’s Copernicus Programme is part of the European
Earth Observation initiative established in 1998 (Balzter
2017). The open and accessible Copernicus next-gener-
ation satellite data in combination with interactive
cloud-processing of data has enormous application
potential in environmental monitoring. This initiative
is already delivering many core monitoring services for
oceans, land surface, air quality, polar ice sheets,
among others, and aspires to provide long-term obser-
vations of critical parameters from space (Balzter
2017). For inland water monitoring, some technical chal-
lenges have been solved in recent years (Palmer et al.
2015). For example, satellite remote sensing has been
used to map optically active water quality parameters
of lakes, rivers, transitional, and coastal waters, such as
chlorophyll a (a proxy for phytoplankton biomass and
blooms), measures of water transparency, temperature,
total suspended matter, turbidity, and coloured dissolved
organic matter (Palmer et al. 2015, Tyler et al. 2016, Balz-
ter 2017). Further effort will be required to quantify and
better constrain the uncertainties on the performance of
in-water models and algorithms in the different optical
water types (Tyler et al. 2016). Undoubtedly, the new
Earth Observation datasets provide an opportunity to
better understand the response and sensitivity of surface
waters to natural and anthropogenic pressures.
Data sharing platforms and online tools have been
developed across EU countries. This next generation of
merging and sharing data, together with the rapid
improvements in computing power, will bring new
insights into such data, specifically regarding environ-
mental changes occurring within and across the catch-
ment and the resulting downstream impacts on the
highly dynamic transitional and coastal environments
(Beniston et al. 2012, Tyler et al. 2016, Klein et al. 2017).
Recommendations
For the 2019 WFD review, and considering the current
environmental challenges, we present some recommen-
dations that may improve biological assessments and
monitoring and, consequently, lead to effective manage-
ment of surface waters:
1. Integrate biogeography into biological
assessments
Differences in the distribution of biotic indicators are
expected based on biogeographical riverscape contexts.
For example, in European southern temporary streams,
species occurring in pristine habitats are typically resist-
ant and resilient to stress due to seasonal drought events,
and therefore pristine reference conditions need to
address natural stresses (e.g., Sánchez-Montoya et al.
2010). We recommend building regionalization maps
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for Europe that predict the occurrence of biota on pris-
tine or near-pristine sites (i.e., using reference con-
ditions). The biotic responses to the variability
associated with the hydroclimatology could therefore
be quantified, and the deviation of a particular water-
body from the reference values of selected metrics
could be calculated and compared among distinct
regions and river types. Predictions for macroinverte-
brates under climate change have already been devel-
oped, thus showing the potential of these methods to
predict the distribution of species and communities
(e.g., Domisch et al. 2013).
2. Account for the stream network arrangement
The “ecological status” of a stream reach is highly depen-
dent on input from the stream network, especially from
upstream (e.g., invasive species dispersal, pharmaceuti-
cals, organic pollution; Gros et al. 2007, Filipe et al.
2017), but the WFD biological assessments do not con-
sider the spatial autocorrelation within stream networks
(EC 2009). We recommend the use of spatial software
tools that account for the influences upstream to down-
stream so the source of pressures upstream, impacts
downstream, and expansion or contraction of popu-
lations can be quantified (e.g., SNN R package, RivTools
software; Ver Hoef and Peterson 2010, Ver Hoef et al.
2014, Duarte et al. 2016). The use of these tools will
help predict, for example, how far substances can travel
and in what concentrations, if conditions are favorable
for the spread of invasive alien species, or howmuch a pol-
lution source or a protected area upstream influence the
biological assessment downstream (e.g., Filipe et al. 2017).
3. Revise the “one-out, all-out” principle
Assessing the “biological status” under the WFD is based
on an integrative approach whereby multiple indicators
are used to measure the deviations of the biological com-
munities from undisturbed reference conditions. With
the one-out, all-out principle, a specific waterbody with
even one parameter that falls below expectations may
be classified below “good” status, even if it is not, thus
inflating type I errors (e.g., Borja and Rodriguez 2010).
This approach risks imposing unnecessary restoration
measures, which impact the cost of implementing the
WFD (e.g., Prato et al. 2014, Voulvoulis et al. 2017).
We recommend testing the alternative combination
rules previously proposed (e.g., Borja et al. 2009), as
well as mapping estimates of type I and type II errors,
as highlighted by Hering et al. (2010). We also rec-
ommend focusing on measures of change in the classifi-
cation of the waterbodies over time and not on absolute
measures, a focus that might better fit the aim and vision
of the WFD, in which the status of waterbodies should
not deteriorate.
4. Account for effects of climate change
Climate change impacts water quality and the inhabiting
biota (Do Ó 2007, Whitehead et al. 2009, Filipe et al.
2013) and influences WFD reference conditions (Wilby
et al. 2006). We recommend the integration of predic-
tions and risks associated with climate change in the bio-
tic assessment, particularly in the definition of reference
conditions for each region. This step is particularly rel-
evant in regions where severe changes are predicted.
Future hydrology can be predicted under climate change
scenarios, such as the relative change in frequency of
flood and drought events (e.g., based on the global inte-
grated water model WaterGAP; Alcamo et al. 2003a,
2003b) and recurrence. For example, both flood and
drought events are predicted to occur every 10–50
years by the 2070s in southern and southeastern Europe
(Lehner et al. 2006).
5. Account for invasive alien species (IAS)
IAS, together with habitat degradation, pose a major
threat to biotic communities (IUCN 2000). IAS estab-
lishment can lead to ecological degradation and lower
biological status, but it can also confound the interpret-
ation of some established assessment metrics (e.g., total
species richness; Cardoso and Free 2008). Although the
WFD does not specifically consider IAS, some plans
have begun to incorporate them, initially as a way to
measure human disturbances rather than the impact of
the IAS themselves (e.g., Borja et al. 2006, Matono
et al. 2009, Hermoso et al. 2010). We recommend IAS
be systematically incorporated into WFD assessments
because of their potential to significantly alter aquatic
ecosystem structure and functioning. A possible frame-
work could be to consider IAS a pressure that increases
the risk of failing to achieve good ecological status and
as a metric of biotic degradation (Borja et al. 2006, Car-
doso and Free 2008, Matono et al. 2009).
6. Validate new assessment approaches: eDNA
metabarcoding and Earth Observations
Emerging tools can be potentially useful to assess biologi-
cal status of surface waters and monitor them with a fine
resolution (temporal and spatial) once the previous
referred limitations are overcome. Molecular tools such
as eDNA and metabarcoding (Valentini et al. 2016, Wei-
gand et al. 2017) and Earth Observation datasets be useful
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for biological assessments and estimating water par-
ameters parameters (chlorophyll a, total suspended mat-
ter, and coloured dissolved organic matter; Klein et al.
2017). We recommend investigating the potential use of
these tools to assess biological status response to current
environmental changes and to validate data. For example,
aquatic invasive species detection is laborious in terms of
costs and time, but eDNA molecular tools could over-
come these limitations, complementing and extending
conventional surveys (Mächler et al. 2014). Moreover,
currently available satellite-based methods can quantify
water quality parameters at larger spatial and temporal
scales. For example, frequency of cyanobacterial algal
blooms could help prioritize locations with more
exposure to blooms (Clark et al. 2017).
7. Implement data information systems
Currently, all EU member states produce monitoring
information and assessments of surface waters. Simul-
taneously, monitoring of nature conservation and pro-
tected areas generates vast datasets about the
inhabiting biota, yet the information is often restricted
in reports from different institutions. We recommend
implementing data information systems simultaneously
adapted to the needs of each region and standardized
among regions so that river basin management planning
can be easily and quickly consulted. These information
systems should form the basis of proper riverscape man-
agement at the regional scale, useful for management
and prioritization of ecosystem services from agriculture
to water (e.g., Coppens et al. 2015, Jones et al. 2017). Fur-
thermore, because many European river basins are inter-
national, a common understanding and approach
crossing administrative and territorial borders is needed.
The necessity and guidelines for such a framework were
recently addressed for the successful and effective
implementation of the EU environment aims regarding
water (EC 2016).
8. Foster public participation
The WFD requires public participation in its planning
process to deal with the inherent complexity of water
resources management and the integration of multiple
perspectives and skills for policy-making in freshwater
governance (Steyaert and Ollivier 2007). We recommend
including all interested stakeholders’ multiple perspec-
tives and uses, which is vital for the WFD implemen-
tation and decision making (Voulvoulis et al. 2017),
through emerging communication pathways such as
the internet, mobile technology, and social media. Com-
munication pathways are shifting to online media as the
primary source of information and could be used for
public participation (Brossard and Scheufele 2013).
Stronger communication between managers, scientists,
and general public is needed to support the WFD
implementation (Cash et al. 2003). Citizen science has
been a promising tool for stakeholder awareness (e.g.,
Crall et al. 2013). Finally, communication could also be
facilitated by open access data policies.
Conclusions
The WFD faces rising challenges due to climate change
and the spread and establishment of IAS, but it also
can take advantage of technological and scientific
advances from molecular biology to Earth Observation
platforms. Our recommendations on meeting such chal-
lenges and benefiting from these advances should pro-
vide an interesting basis for achieving the aims of the
WFD.
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